Objective: To determine the short-and intermediate-term outcomes following vascular ring division by video-assisted thoracoscopic (VATS) or thoracotomy approach.
Perspective
Our study describes a single institutional experience and found that division of vascular rings is safe and effective. Furthermore, VATS is a feasible alternative approach for surgical management of vascular rings. In patients with right aortic arch with aberrant left subclavian artery and left ligamentum, VATS is associated with shorter hospital length of stay compared with thoracotomy.
See Editorial Commentary page 616.
Complete vascular rings are vascular anomalies of the aortic arch that encircle and may cause compression of the trachea and esophagus leading to respiratory or gastroesophageal symptoms. Although there are many forms of vascular rings, double aortic arch (DAA) and right aortic arch (RAA) with aberrant left subclavian artery/left ligamentum (LSCA/LL) are the most common. Surgical division of the vascular ring, performed in symptomatic patients with significant airway compression, is effective, with excellent outcomes in most patients, including significant reduction and resolution of symptoms and low risk of morbidity and mortality. [1] [2] [3] [4] Minimally invasive video-assisted thoracoscopic surgical (VATS) techniques have been applied to division of vascular rings, enabled by availability of thoracoscopic instruments and high-resolution cameras, and has been shown to be feasible and safe for vascular ring division. [5] [6] [7] Major disadvantages of VATS approach for vascular ring division include inability to reimplant the subclavian artery and possible increased risk of bleeding and other complications. Limited data are available regarding safety and efficacy of VATS approach for vascular ring division.
Single-institution series have been reported, but overall long-term freedom from intervention, including symptom resolution and follow-up evaluation, following VATS or thoracotomy remains incompletely characterized in this population. 1, 3, 4, 8 The primary objective of this study was to describe outcomes (complication rate, symptom relief, rate of reintervention) of surgical vascular ring division by either thoracotomy or VATS.
PATIENTS AND METHODS
This study is a retrospective review of patients treated at a single institution, Boston Children's Hospital, between January 1991 and December 2015. Patients who underwent division of a DAA or RAA with LSCA/ LL were identified and a retrospective review of medical records was performed. Patients were excluded according to the following criteria: other forms of vascular compression syndrome (including left pulmonary artery sling or innominate artery compression), weight <3.2 kg, undergoing concomitant cardiac surgery at vascular ring division, or utilization of sternotomy or right thoracotomy approach. Furthermore, patients were excluded if their medical records had significant missing data (operative reports, body weight). The study design and methods were approved by the Boston Children's Hospital Institutional Review Board.
Demographic, clinical, surgical, and follow-up data were collected on all patients. Demographic data included gender, age, and weight, vascular ring anatomy, concomitant congenital abnormalities, and presenting symptoms at time of surgery. Specific vascular ring anatomy was classified based on documented operative findings if it differed from findings on preoperative imaging. Objective measurements of the Kommerell diverticulum were not available for all patients with RAA with LSCA/LL; however, a diverticulum was generally defined if the diameter of the base was 1.5 times larger than diameter of left subclavian artery immediately distal to the diverticulum. Tracheal narrowing was determined based on qualitative or quantitative documentation in preoperative computed tomography (CT), magnetic resonance imaging (MRI), or bronchoscopy. Presenting symptoms were classified as respiratory or gastroesophageal in nature, or both, based on preoperative and operative clinical documentation.
Patients were classified as having undergone VATS versus thoracotomy using procedure description in operative notes. Those patients who required conversion from VATS to thoracotomy approach were recorded. Clinical follow-up time was calculated from date of surgery until date of the most recent documented clinical encounter in the medical record.
For VATS approach, 4 small skin incisions were placed in the periscapular position, with 3 of the 4 incisions being along the incision pathway for thoracotomy and the fourth incision placed in the subaxillary position. A 30-or 45-degree rigid scope mounted on an external retractor and connected to external monitor was used for visualization. A fan retractor was placed through a second port for lung retraction, whereas 2 ports were used for dissection and ring division. For thoracotomy approach, a serratus-sparing or latissimus/serratus-sparing posterolateral thoracotomy was performed.
We recorded outcomes in patients undergoing vascular ring division. Short-and medium-term outcome endpoints included operation length (OR time) defined by time into operating room (OR) to time out of OR, hospital length of stay (LOS), postoperative complications, and need for surgical reintervention. Duration of operation and hospital LOS were collected from the clinical record. Postoperative complications were defined as conditions in the immediate postoperative period requiring significant intervention for pneumothorax, hemothorax, or chylothorax, such as chest tube placement or thoracic duct ligation. Postoperative complications also included documented paralysis or paresis of left vocal cord, suggesting laryngeal nerve injury, although systematic assessment of vocal cord function was not routinely performed in all patients. We defined reintervention as surgical manipulation of the aortic arch, division of residual band tissue, or tracheal surgery for persistent tracheal compression noted on follow-up imaging.
To investigate symptoms after vascular ring division by either VATS or thoracotomy approach, subgroups with early (<1 month) clinical evaluation by cardiology following surgery and any follow-up >6 months were further analyzed. Acute symptom resolution was determined from documentation of the clinical visit in the early postoperative period. Among patients with follow-up more than 6 months after surgery date, the rate of persistent symptomatic airway abnormalities was determined by review of postoperative CT, MRI, laryngoscopy, and bronchoscopy.
Additionally, in a subgroup of patients with RAA with LSCA/LL, we compared duration of operation, hospital LOS, and rates of complications between patients undergoing VATS versus thoracotomy. Comparative analysis was limited to this subgroup as patients with this diagnosis were not excluded from either approach and were not significantly different in age and weight. On the other hand, patients with DAA were more likely to undergo thoracotomy due to presence of patent aortic arch.
Descriptive statistics were described as frequency (%) for categorical variables and as median and interquartile range (IQR) for continuous variables. Freedom from reintervention was analyzed by longitudinal KaplanMeier methodology. When comparing demographic characteristics and outcomes in subgroups of the thoracotomy and VATS groups, we used c 
RESULTS

Patient Characteristics
A total of 200 patients met inclusion and exclusion criteria and were subsequently analyzed. Median followup for this cohort was 2.1 years (IQR: 1 month to 7.1 years). Table 1 summarizes baseline cohort data, including gender, age, weight, presenting symptoms, vascular ring anatomy, and prevalence of concomitant congenital cardiac abnormalities.
Operative Characteristics
A total of 115 patients underwent VATS and 85 underwent thoracotomy for division of complete vascular ring. Table 2 this slight imbalance did not reach statistical significance (P ¼ .078).
Among 127 patients who underwent attempted VATS vascular ring division, 12 (9%) were converted from a VATS approach to thoracotomy ( Table 2 ). The decision was made intraoperatively to convert to thoracotomy from VATS approach. Reasons for conversion included observation that a vessel previously classified as atretic was patent (patent ductus arteriosus [PDA], patent DAA), posterior aortic arch, inadequate deflation of lung, minor bleeding from the intercostal vein, minor bleeding from the diverticulum of Kommerell, dense pleural adhesions, and short length of atretic segment of double arch to be divided. Two patients underwent conversion for bleeding, but neither required perioperative blood transfusion. 
Short-and Intermediate-Term Outcomes
Fifteen patients (7.5%) experienced postoperative complications, including 7 patients (3.5%) with left vocal cord paresis (Table 2) . Complications among thoracotomy patients included tracheostomy for severe respiratory distress immediately postoperatively, 1 pneumothorax requiring chest tube placement, 1 chylothorax requiring ligation of thoracic duct/lymphatic vessels, 1 wound dehiscence and required re-exploration, and 2 patients with vocal cord paresis. Complications among VATS patients included 4 chylothoraces requiring ligation of thoracic duct/ lymphatic vessels, 1 pneumothorax requiring chest tube placement, and 5 patients with documented left vocal cord paresis.
Long-Term Outcomes
One patient died (0.5%) 11 years after vascular ring division from end-stage renal disease related to congenital renal abnormalities. Eight patients (4%) of the 200 who underwent vascular ring division required reintervention (Table 3) . After vascular ring division, freedom from reintervention was 96% and 90% at 5 years and 10 years, respectively ( Figure 1 ). All 8 patients returned to care presenting with recurrent respiratory symptoms, including stridor, increasing dyspnea with activity, and/or progressive cough. Indications for reintervention were a combination of symptoms and imaging demonstrating significant tracheal and/or esophageal compression. Procedures performed in reintervention surgeries included aortopexy, diverticulopexy, tracheopexy, and reimplantation of the subclavian (Table 3) . At reintervention, in 3 patients, residual band tissue was discovered within the bed of ligamentum tissue. Division of this residual tissue resulted in relief of compression. Among the 91 patients with RAA and Kommerell diverticulum, 71 did not receive aortopexy, manipulation of the diverticulum, or reimplantation of the LSCA. Among these 71 without diverticular intervention at the time of original surgery, 4 patients required reintervention.
Documented clinical follow-up beyond discharge was available in 160 (80%) of 200 patients. Among 125 patients who had an early postoperative cardiology clinic evaluation within 1 month of discharge, 92 (74%) were asymptomatic at the time of the visit. A total of 130 patients had documented clinical follow-up beyond 6 months, and 29 patients underwent follow-up diagnostic imaging for evaluation of persistent or recurrent symptoms, including CT, MRI, laryngoscopy, or bronchoscopy. Of the patients undergoing diagnostic imaging, 17 (59%) were noted to have airway abnormalities. Where a comparison with preoperative imaging was possible (n ¼ 13), 10 (77%) patients demonstrated improvement in airway compression compared with preoperative imaging.
RAA With Aberrant Left Subclavian
Among the 113 patients with a diagnosis of RAA with LSCA/LL, 91 (85%) had a documented enlarged Kommerell diverticulum by preoperative imaging and/or operative note ( Table 2 ). Two of these 91 patients underwent reimplantation of the LSCA during the initial surgery due to concerns of potential compression. In 1 patient, the diverticulum size was measured at 1.6 cm by 2 cm on MRI report or 0.1 cm 2 /kg body weight. Seventeen patients with diagnosis of RAA underwent aortopexy during the initial surgery, all of whom had a documented diverticulum of Kommerell.
Patients who underwent repair of RAA with LSCA/LL by VATS (n ¼ 87) were compared with those undergoing thoracotomy (n ¼ 26) and were not significantly different in age (36 months; IQR 15-83 vs 17 months; IQR: 8-90, P ¼ .14) and weight (14.9 kg; IQR: 10.2-24.7 vs 9.2 kg; IQR: 7.1-26.7, P ¼ .07) ( Table 4) . Follow-up time was Table 4) .
DISCUSSION
This study found that vascular ring division by either VATS or thoracotomy approach is safe and effective in patients undergoing surgery for DAA or RAA with LSCA/LL. Rates of complications, need for reintervention, and mortality were low with good symptom resolution, particularly in the early postoperative period.
The rate and nature of the complications and reinterventions in this series were similar when compared with previous vascular ring series, including vocal cord paresis.
3,4,10-14
Although most patients will experience resolution of symptoms after vascular ring division, a small number will require reoperation for persistent respiratory and esophageal symptoms. The most common procedure performed during reintervention surgery was aortopexy for tracheal compression followed by division of residual band tissue. These findings underscore the importance of complete division of underlying bands and scar tissue at the time of ring division, as well as careful inspection to ensure no persistent compression of the trachea by the aorta. 15 Adjunctive intraoperative bronchoscopy may be useful to evaluate efficacy of ring division in relief of tracheal compression, and may guide further intraoperative maneuvers (aortopexy, tracheopexy). 16 A significant cause of reintervention for airway obstruction in patients following vascular ring division is compression by the aorta or diverticulum of Kommerell; thus, many centers advocate performing a diverticular resection for RAA and reimplanting the aberrant LSCA into the left common carotid artery. [17] [18] [19] Proponents of diverticulum resection suggest this procedure removes any source for recurrent tracheal or esophageal compression and thus is more likely to result in complete freedom from reintervention. Most patients in our series with RAA and Kommerell diverticulum underwent ligament division alone or minimal manipulation of diverticulum with acceptable midterm clinical outcomes; only 2 patients underwent reintervention (1 diverticulopexy and 1 reimplantation of left subclavian) specifically for diverticulum manipulation at midterm follow-up. Optimal management of the diverticulum at the time of vascular ring division warrants further investigation. Symptom resolution was documented in 74% of patients presenting for clinical follow-up visits in the early postoperative period. This rate likely underestimates the true incidence of early symptom resolution, because asymptomatic patients may be less likely to return for evaluation; however, among those with available clinical follow-up beyond 6 months, nearly a quarter were symptomatic enough to warrant airway imaging, with most of those patients presenting evidence of airway abnormalities. Airway abnormalities in some patients may not be completely reversible by vascular ring division, and structural tracheal abnormalities at the level of the ring may persist despite division, necessitating further intervention, such as tracheopexy in appropriate patients. Previous studies have suggested that persistent respiratory symptoms may be attributable to underlying airway pathology. 1, 10 The rate of reintervention for ongoing airway compression may be further reduced by adjunctive intraoperative bronchoscopy and concomitant decisions regarding tracheal or aortopexy at the time of the vascular ring division. On the other hand, some investigators claim that persistent symptoms may be due to persistence of diverticular abnormalities in patients with RAA. Patients with DAA experienced similar rates of chronic symptoms as RAA, suggesting that the etiology of persistent symptoms is underlying airway abnormality rather than persistent compression.
Selection of approach for division of vascular ring has evolved over the study period. Patients undergoing VATS tended to be older and to weigh more. In addition, specific type of vascular ring determined approach, with patients with DAA more likely to undergo thoracotomy over VATS. Nevertheless, 4 patients in the series underwent division of DAA with patent left arch safely by VATS approach, whereas previous contraindication to VATS surgery has been presence of a patent arch. 2, 7 Although the field of exposure is greater with thoracotomy, visualization with the VATS approach is enhanced by high-resolution video, which may mitigate risk of injury to adjacent structures. The risk of pneumothorax is related to injury sustained during retraction of lung parenchyma or air entrained during chest tube removal with the VATS approach. Postoperative chest tubes are frequently not required for VATS, and improvements in design of retractors have minimized risk of parenchymal injury.
Among patients with RAA with LSCA/LL, OR duration and hospital LOS was shorter among those who underwent VATS compared with thoracotomy. Previous studies have shown similar postoperative hospital LOS and similar or longer operation times in vascular ring division and ligation of PDA by using the VATS approach compared with thoracotomy, although neither study limited findings to one vascular ring anatomical configuration. 2, 6, 20 The longer time taken for dissection of structures and division may be counterbalanced by the shorter time taken to obtain exposure (skin incision, port or retractor placement) for VATS compared with thoracotomy, Shorter hospital LOS may be explained by a smaller percentage of VATS patients requiring mechanical ventilation or placement of chest tubes postoperatively, less postoperative pain, and reduced blood loss compared with thoracotomy. 21, 22 Although data on cost were not collected in this study, shorter LOS would likely have favorable impact on financial metrics. We found no significant difference in rate of complications or reinterventions in those patients undergoing VATS compared with thoracotomy among patients with RAA with LSCA/LL. Our findings are consistent with those previously reported when comparing rate of complications between VATS and thoracotomy for PDA ligation. 20 Patients who underwent conversion from VATS approach to thoracotomy during vascular ring division were not at increased risk of complications as a result of conversion. The rate of reintervention surgery and recurrent symptoms was similar to the overall cohort. The reasons for converting to thoracotomy, similar to those described in previous series, included discovery of a patent DAA, concern for bleeding, and inability to attain adequate exposure. 2, 6, 11 Patients who converted did not experience significant complications, suggesting that the strategy of VATS as initial approach followed by conversion to thoracotomy in appropriate cases is safe and reasonable. Importantly, the skin incisions for VATS surgery can be subsequently used as a part of the thoracotomy skin incision in case conversion becomes necessary. This is a retrospective study and subject to several important limitations. Although we were able to follow nearly two-thirds of our cohort beyond 6 months, the overall long-term follow-up length was suboptimal, and followup from Boston Children's Hospital patient medical records may be incomplete if patients underwent further procedures at other institutions. We collected operative characteristics from several decades, a study period that spanned potential change in practice. Because the number of patients experiencing complications or reintervention was small, the lack of statistical significance when testing for differences may have been due to lack of power. Although attempts were made to adjust for covariates, differences in age and diagnosis between groups are confounding variables that can be eliminated only by prospective randomized clinical trial design. Because preoperative and postoperative symptoms were extrapolated from medical records, they are subject to interpretation bias. Although included adjustment for patient age and weight in our analysis, these patient factors may still confound our results. Although the difference was not statistically significant, patients who underwent repair of RAA with LSCA/LL by VATS were generally older and weighed more compared with those who underwent thoracotomy, characteristics that may affect OR duration and hospital LOS. Furthermore, surgeon preference for thoracotomy or VATS may introduce selection bias into the study.
In conclusion, we found that thoracoscopic division of complete vascular rings in children and young adults offers a safe and effective approach to management of vascular rings. Among patients with RAA with LSCA/LL, thoracoscopic approach was found to have shorter operation time and hospital stays, and similarly low rates of complication and reintervention. Randomized prospective trials with long-term clinical follow-up are necessary to confirm these findings and determine impact of diverticular resection and reimplantation on outcomes. Future investigations could include analysis of predictors of symptom recurrence and need for reintervention in patients with vascular rings.
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You can watch a Webcast of this AATS meeting presentation by going to: http://webcast.aats.org/2016/Video/ Tuesday/05-17-16_Ballroom_III_1630_Herrin-800.mp4.
Conflict of Interest Statement
Authors have nothing to disclose with regard to commercial support. atretic arch or a ligamentum that requires division. This accounted for 111 out of 115 of your VATS patients. In contrast, only 4 patients with a patent vascular ring underwent a VATS procedure. I'm certain that some of this hesitation relates to the risk of intraoperative bleeding.
My first question to you is: with a very small number of patients undergoing division of a truly patent arch (it is less than 5% of your series), do you still intend to recommend VATS procedures in patients with a patent vascular ring, a patent arch?
Ms Herrin. Thank you, Dr Backer. I think we would acknowledge that in our series a small number underwent VATS division of patent arches, so what we would say is that it really is dependent upon the comfort level and experience of the surgeon. Certainly, even within our own group, some surgeons will do VATS divisions of patent double aortic arches, whereas some prefer thoracotomy or a combination of each.
And so while we believe it's a reasonable approach, it's entirely dependent on, as we said, sort of the comfort and experience of the surgeon.
Dr Backer. Can I take the prerogative of polling the room? How many people here do VATS procedures for patent arches and vascular rings?
(A show of hands.) Dr Backer. I only see 1 or 2 hands raised! My next question relates to the postoperative length of stay. This is the only factor that was significantly improved by the VATS technique. There are 2 important factors to consider here: the age of the patients and the anatomy. First, there was a significant age difference between the 2 populations; the VATS group having a mean age of 2.7 years, the thoracotomy group having a mean age of only 0.9 years.
Second, the anatomy in the VATS group was mostly ligamentum divisions. Just out of curiosity, I looked at our own series from Ann & Robert H. Lurie Children's Hospital of Chicago. In the past 15 years, we had 33 patients with a right aortic arch who just underwent ligamentum ligation and division. We use a muscle-sparing technique, limited use of chest tubes, and when we do use ''chest tubes,'' we use small silastic Blake drains.
Our median length of stay in that select group is 2 days, only half a day longer than your VATS group, but it is 1 and a half days shorter than your thoracotomy group.
So, there are these 2 factors; the patient anatomy (which is simpler in the VATS group), and the substantial age difference. These 2 factors I believe help explain the difference in length of stay.
So do you have information if you compared the length of stay of the corresponding thoracotomy patients who only had a ligamentum or atretic arch division versus those that had a patent arch, and can you do that with age match controls? I'm maybe asking too much.
Ms Herrin. Thank you. Yes. With regard to chest tube placement, none of the VATS patients get chest tubes postoperatively; rather, if they do, they're removed the next day.
Within the thoracotomy patients, they tend to get chest tubes, which, as you're right, would prolong hospital length of stay. Although, in some they can be removed the next day.
With regard to excluding the patent double aortic arches from the thoracotomy group, we did run that analysis, and it did not significantly change the median hospital length of stay.
We also tried to adjust somewhat for age by running a multivariate logistic regression in our analysis, but you did point out that the number of patients in the VATS group with patent double aortic arches was very low. And when we ran that logistic regression, it did include the patent double aortic arches in the thoracotomy group, so it would be absolutely worth it to go back and do age match comparisons or regression analysis to compare.
Dr Backer. My next question relates to the cost of the procedure. With the VATS approach, you need to use disposable equipment, which has a certain cost. The cost for the patients undergoing a thoracotomy is typically only the reusable vascular clamps and the cost of the suture.
I actually asked Redmond the same question 20 years ago. I didn't really get an answer, so maybe you can tell me. What's the additional cost of the supplies in the operating room for the disposables?
Ms Herrin. So I'd like to first say that currently no disposable materials are used any longer. The instruments are sterilized and reused with the one exception of the titanium clips that are disposable. And I'm sorry to say, I don't have a cost analysis comparison to report today, but if we believe that the difference is in hospital length of stay, that our analysis has showed that there really is a difference in hospital length of stay, we would expect the cost savings within the VATS group, if they actually stayed a couple days shorter, it would be a pretty significant cost reduction.
Dr Backer. My final question and comment relates to your last slide when you talked about left subclavian artery reimplantation. We have found that with the use of advanced imaging, a Kommerell diverticulum or a circumflex aorta can be the main contributor to the patient's symptoms rather than just the ligamentum alone.
In our right aortic arch population in the past 15 years, out of 97 patients, 35 have undergone a Kommerell diverticulum resection and left subclavian artery reimplantation. Now, some of that may be skewed because these patients are specifically referred to us with that diagnosis.
That being said, what is your philosophy regarding the patients with Kommerell diverticulum or a circumflex aorta? We have a philosophy that a more comprehensive initial operation is better than simple ligamentum division,
